Actin polymerization is essential for various stages of mammalian oocyte maturation, including processes. However, the roles of CP in mammalian oocyte maturation are poorly understood. We spindle migration and polar body extrusion. CP mainly localized in the cytoplasm during maturation.
resistant human CapZα1 and GFP-CapZβ2 cRNAs were added to the dsRNA at a concentration of under paraffin oil at 37°C in an atmosphere of 5% CO 2 in air. Control oocytes were microinjected 1 4 0
with 5-10 pl of GFP cRNA. For immunostaining of CP, oocytes were fixed in 4% paraformaldehyde dissolved in phosphate-buffered saline (PBS) and then transferred to a membrane permeabilization solution (0.5%
Triton X-100) for 1 h. After 1 h in blocking buffer (PBS containing 1% bovine serum albumin), the 1 4 6 oocytes were incubated overnight at 4°C with a mouse anti-CapZβ2 antibody (Schafer et al., 1996) 1 4 7
Presence of CP in the oocyte cytoplasm during oocyte maturation 1 9 8
There were no reports on CP expression in mammalian oocytes. Therefore, we examined the 1 9 9
expression of CP at the mRNA and protein levels using quantitative reverse-transcription PCR and 2 0 0 western blotting, respectively. CapZα1 and CapZβ2 mRNAs were detected at every stage of mouse 2 0 1 oocyte development (Fig. 1A) . Using a monoclonal antibody against the β -tentacle region of CapZβ2 2 0 2 (Schafer et al., 1996) , we investigated the protein expression of CP. CapZβ2 protein was found in fixed with paraformaldehyde ( Fig. 1C ) and those fixed with methanol ( Supplementary Fig. 1A ).
0 8
Furthermore, when we injected human GFP-CapZβ2 and GFP-CapZα1 cRNA into oocytes, the GFP 2 0 9
signal was dispersed throughout the entire cytoplasm, similar to the immunostaining results
( Supplementary Fig. 1B ). While the distribution of cortical actin changed dramatically during oocyte 2 1 1 maturation, especially in the cortical actin cap region (Fig. 1C) , the level of CP near to this region 2 1 2 did not increase. These results suggest that CP is mainly distributed in the oocyte cytoplasm during 2 1 3 oocyte maturation. Knockdown of CP impairs asymmetric division of oocytes
Considering that CP is involved in various Arp2/3-mediated actin polymerization processes Fan et al., 2011; Mejillano et al., 2004; Pappas et al., 2008) , we reasoned that CP may play We measured the ratio of the polar body diameter to the diameter of the oocyte ( Fig. 2E and F) .
The mean value of this ratio was 0.39 ± 0.01 in control oocytes and was significantly higher in CP- defined as that which had a diameter 50% longer than that of the oocyte. Based on this definition, 60% 2 3 8
(n = 94) of oocytes in the CP-knockdown group, 7% (n = 86) of oocytes in the control group, and 18% 2 3 9
(n = 50) of oocytes in the rescue group were classified as having a large polar body (Fig. 2F ). These To investigate the effects of CP knockdown on spindle migration in more detail, we examined 2). As previously reported (Yi et al., 2013a) , the spindle migration speed dramatically increased as 2 9 8 the spindle approached the cortex (Fig. 5B) . By contrast, spindle migration was substantially retarded 2 9 9
in CP-knockdown oocytes ( Fig Symmetric division was frequently observed in oocytes injected with GFP-CapZβ2 cRNA ( 5E and F). Although cases of symmetric division were observed in both CP-knockdown oocytes and
CP-overexpressing oocytes, the timing of cytokinesis significantly differed between these two groups.
While cytokinesis occurred 11-13.5 h after the resumption of maturation in CP-knockdown oocytes,
it occurred far earlier in CP-overexpressing oocytes (9-10 h after the resumption of maturation). In
some cases, cytokinesis started around 9.5 h, even before the spindle reached the cortex (Fig. 5E ,
upper panel), which caused oocytes to divide symmetrically. In some cases, multiple polar bodies than in control oocytes ( Fig. 5F and G, p < 0.05). Collectively, these results confirm that knockdown
or overexpression of CP impairs spindle migration and the timing of cytokinesis. Expression of the CPI region of CARMIL decreases the maturation rate and cytoplasmic actin 3 1 6 mesh density
The CARMIL family of proteins plays crucial roles in cell motility via interactions with Kim et al. , 2012; Remmert et al., 2004; Weaver et al., 2003; Yang et al., 2005) . CARMIL can inhibit of CARMIL regulates the filament capping activity of CP.
To provide additional evidence of the role of CP in oocyte maturation, we overexpressed the
CPI region of mouse CARMIL1 (amino acids 964-1086) fused to GFP, termed GFP-CARMIL CPI ,
and evaluated its effects on oocyte maturation and the cytoplasmic actin mesh density. The expressing GFP (n = 98, 55% vs. n = 68, 76%; p < 0.01; Fig. 6A ). Expression of GFP-CARMIL CPI Overexpression of FMN2 or Spire1/2 can increase the cytoplasmic actin mesh density cytoplasmic actin mesh densityeven when the level of this mesh is abnormally high. When we 3 3 7
overexpressed the FH1-FH2 domain of FMN2 fused to GFP, the cytoplasmic actin mesh density was 3 3 8
significantly increased ( Fig. 6D and E) . However, co-expression of GFP-CARMIL CPI effectively 3 3 9
suppressed the increased level of cytoplasmic actin mesh induced by overexpression of this FMN2 The roles of various actin nucleators in oocyte maturation recently emerged. In addition to regulation of actin filament formation during oocyte maturation are generally unknown. In this study,
we showed that CP is essential for the regulation of actin filament reorganization during oocyte 3 5 1 maturation.
An intriguing observation of this study is that CP did not necessarily localize in actin-rich difference between the localizations of CP and the actin-rich cortical cap is unexpected. CP was
primarily found in the oocyte cytoplasm at all developmental stages (Fig. 1) , which is where the of CP impaired spindle migration (Fig. 2, 5C , and D), while ectopic overexpression of CP increased 3 6 4 the speed of cytokinesis ( Fig. 5E and F) . Interestingly, knockdown of CP markedly decreased the 3 6 5 cytoplasmic actin mesh density in MI-and MII-stage oocytes (Fig. 3) . How does knockdown of CP these ends tightly and thereby blocks further actin filament elongation, while formins bind these ends actin mesh sensity, while overexpression of CP did not; however, it is unclear why this is the case.
7 7
One possibility is that CP stops the elongation of actin filaments by FMN2 and releases FMN2 from nucleation, which would eventually lead to the formation of a dense actin mesh, as illustrated in cytoplasmic actin mesh in oocytes need to be investigated further. It is uncertain whether a decreased cytoplasmic actin mesh density solely underlies the failure of oocytes to divide asymmetrically when CP is knocked down. In addition to the cortical actin cap,
actin filaments in the inner cortex region, called the sub-cortex, are generated by Arp2/3-mediated 3 8 8 actin polymerization (Chaigne et al., 2013) . Given that formation of this region is crucial for 3 8 9
asymmetric spindle migration and has a tight relationship with CP and Arp2/3-mediated actin
polymerization, CP may play roles in sub-cortex formation. However, considering the localization of University of Pennsylvania) for helpful suggestions. Science 326, 1208-12.
Pruyne, D., Evangelista, M., Yang, C., Bi, E., Zigmond, S., Bretscher, A. and Boone, C. years of image analysis. Nat Methods 9, 671-5. and cytokinesis in mouse oocytes. Mol Hum Reprod 17, 296-304. (2013). Actin nucleator Arp2/3 complex is essential for mouse preimplantation embryo development.
2 9
Reprod Fertil Dev 25, 617-23. complex regulates asymmetric division and cytokinesis in mouse oocytes. PLoS One 6, e18392. Xenopus embryos converts ectodermal cells to a neural fate. Genes Dev 8, 1434-47. Dev Cell 9, 209-21. cytoplasmic streaming in mouse oocytes. Nat Cell Biol 13, 1252-8. Curr Biol 13, 1820-3. Biol Chem 285, 29014-26. dsRNA; double-stranded RNA; qPCR, quantitative PCR. resumption of maturation, when most oocytes were at the GV, GV breakdown (GVBD), metaphase 
